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High sensitivity Faraday rotation spectroscopy is used to measure the fluctuating magnetization
noise of non-interacting rubidium atoms under resonant and non-resonant optical probing conditions.
The spin noise frequency spectra in dependence on the probe light detuning with respect to the
D2-transition reveals clear signatures of a coherent coupling of the participating electronic levels.
The results are explained by extended Bloch equations including homogeneous and inhomogeneous
broadening mechanisms. Our measurements further indicate that spin noise originating from excited
states are governed at high intensities by collective effects.
PACS numbers: 42.25.Bs, 42.50.Gy, 42.50.Lc, 32.30.-r
I. INTRODUCTION
The concept of spin noise was first put forward by
Bloch [1] as the incomplete stochastic cancellation of up-
and down-spins in the case of a nuclear spin system. This
nuclear spin noise was later experimentally verified by
Sleator et al. [2]. Analogously to nuclear spins, the total
spin of a classical gas of unpolarized atoms also fluctuates
around a zero mean polarization. This atomic spin noise
can be mapped onto the intensity of a probe laser due
to dichroic bleaching of the relevant optical transitions
[3–6]. Ultimatively, Aleksandrov and Zapasskii demon-
strated that the spin noise of an alkali gas can also be
recorded in a perturbation-free manner by off-resonant
Faraday rotation [7]. For sufficient detuning from the
probed optical resonance, the off-resonant probing [8]
even establishes a quantum non-demolition measurement
of the atomic spin [9] and represents the building block
of several light-matter and matter-matter entanglement
experiments [10–12]. The relative noise signal is large in
small spin ensembles [13] which makes spin noise spec-
troscopy especially interesting for studying spin dynam-
ics in semiconductor nanostructures [14, 15]. In semi-
conductors, optical excitations can fundamentally change
the observed electron spin dynamics such that only spin
noise spectroscopy employing below band gap light en-
ables access to the intrinsic spin dynamics in these sys-
tems [16]. Correspondingly, experimental as well as the-
oretical studies of spin noise spectroscopy in the case of
atom as well as semiconductor physics usually focus onto
the off-resonant probing regime and the weak scattering
limit [17, 18]. However, in the case of a strong inhomo-
geneously broadened optical transition, as present in an
ensemble of self-ensembled semiconductor quantum dots,
donor bound carriers, or a hot gas of atoms, a significant
fraction of the contributing spins is inevitably resonantly
probed by spin noise spectroscopy [19, 20].
In the following, we present an experimental and theo-
retical assessment of spin noise under resonant as well as
off-resonant probing conditions to reveal effects that ac-
company spin noise spectroscopy under resonant excita-
tion. We chose a classical rubidium gas as an archetypal
sample system and the transmitted laser light acts simul-
taneously as both, probing and pumping beam, respec-
tively. The experiments reveal a pronounced non-linear
behavior at the optical resonance [21–23]. The obser-
vations are well reproduced by extended Bloch equations
where the coherent coupling of the involved atomic states
is crucial to explain the experimental results. Experiment
and calculations reveal that the observed spin noise un-
der resonant probing differs qualitatively depending on
whether the probed optical transition is dominantly in-
homogeneously or homogeneously broadened. In the case
of an inhomogeneously broadening, we furthermore en-
counter significant spin noise contributions from excited
states. The complex experimental results can only partly
be reproduced by a single-particle Bloch analysis which
indicates the presence of a many-body effect such as non-
linear self-rotation and polarization selective absorption
of the probe light.
An external magnetic field applied in transverse, i.e.,
Voigt, geometry leads to a splitting of the linear polar-
ized σ(at) and pi(at) atomic transitions (at) in longitudinal
excitation direction. The classical, dichroic Voigt effect
could be observed if both transitions are addressed by
linear polarized light, oriented 45◦ with respect to the
magnetic field axis. On the other hand, a pure Fara-
day rotation θF of linear polarized light occurs even at
zero magnetic field if the refractive indices n± for the
σ+ and σ− polarization components differ due to disper-
sive effects [24, 25]. Spin noise spectroscopy measures
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FIG. 1. (Color online) (a) D2 transition (2S1/2 → 2P 3/2) for
the case of 87Rb. The bold arrow indicates the transition that
corresponds to zero detuning in the following. Neighboring
ground and excited states are coherently coupled. (b) Exper-
imental spin noise set-up. A liquid crystal retarder (LCR)
switches the polarization analysis between sensitivity on lin-
ear or circular birefringence, respectively (details are found in
the text).
the stochastic spin polarization of the investigated sys-
tem projected along the direction of light propagation
via the Faraday effect. The spin noise arises due to the
finite spin dephasing time τs and stochastic reorienta-
tion of the ensemble spin. A magnetic field transverse
to the direction of light propagation modulates the spin
noise with the Larmor frequency νL = h
−1gFµBB (B:
magnetic field, gF : Lande´ factor depending on the to-
tal angular momentum quantum number F , µB: Bohr
magneton) and, correspondingly, facilitates spin noise
measurements in the inevitable presence of white pho-
ton shot noise and common 1/f noise. The power spec-
trum of the measured Faraday rotation noise is — in
the case of mono-exponential spin dephasing and a sin-
gle, purely homogeneously broadened optical transition
— described by a Lorentz function centered at the cor-
responding Larmor frequency and a full width at half
maximum (FWHM) given by νFWHM = (piτs)
−1 [26].
The detected Faraday rotation angle is proportional to
(i) the degree of spin polarization and (ii) the circular
birefringence given by the real part of the refractive index
of the specimen [15]. (i) The time averaged spin polar-
ization vanishes at thermal equilibrium but has a finite
mean deviation. The mean deviation of the stochastic
spin polarization follows a Gaussian probability distri-
bution. (ii) The investigated optical transition in this
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FIG. 2. Off-resonant spin noise difference spectrum measured
at 1.8 mT and 45µT (terrestrial magnetic field), respectively.
work is the Rubidium D2 52S1/2 → 52P 3/2 transition
which is exemplarily depicted in Fig. 1 (a) for 87Rb in-
cluding the hyperfine splitting. In off-resonant spin noise
experiments, it usually suffices to model the probed op-
tical transition by a single Lorentz oscillator. However,
the complex details of the optical transition are needed
to understand spin noise spectroscopy under resonant or
nearly resonant probing conditions. The Faraday rota-
tion of the linear light polarization results from circular
birefringence, i.e., different refractive indices for the two
circular polarization components which compile to lin-
ear polarized light. The corresponding dipole selection
rules for circular polarized light demand ∆F = 0,±1
and ∆mF = ±1. Figure 1 (a) illustrates that resonant
probing of the D2 transition evokes coherences of the S
ground state as well as the excited P states. We show in
the following that the detailed structure of the D2 tran-
sition becomes evident as pronounced non-linearities in
the spin noise signal under resonant excitation and a non-
symmetric response for positive and negative detuning,
respectively. We first present the experimental results
(Sec. II) and subsequently reproduce the spin noise spec-
tra by a theoretical model that is based on the calculation
of the refractive index of the atomic system by extended
Bloch equations (Sec. III).
II. EXPERIMENT
Experimental technique. Figure 1 (b) depicts the ex-
perimental setup. Linear polarized laser light is transmit-
ted through a rubidium vapor cell and acquires a stochas-
tic Faraday rotation. The time-dependent Faraday angle
is measured by a polarization bridge consisting of a polar-
izing beam splitter (PBS) and a balanced photoreceiver.
The time-domain Faraday rotation data is analyzed via
fast Fourier transformation (FFT) spectral analysis. The
light source is an external cavity diode laser (ECDL) with
a grating for wavelength tuning in Littrow configuration.
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FIG. 3. (Color online) Spin noise power density in color coding as a function of laser detuning ∆ (abscissa) and noise frequency
ν (ordinate) for cell A (pure 87Rb). The black curve shows the absorption spectrum and the red curve the integrated noise
power neglecting spin noise at noise frequencies centered at 0 MHz. Zero detuning corresponds to the F = 2→ F ′ = 3 transition
of 87Rb. (a,b) Experimental data with probe laser intensities Il = 1.8 and Il = 14.1 W/cm
2. (c, d) Calculations corresponding
to the experimental data in (a) and (b), respectively. All graphs depict spin noise difference spectra.
The laser emission is linear polarized and has a spectral
line width of less than 20 MHz. An anamorphotic prism
pair yields a round beam shape and an optical Faraday
isolator prevents unwanted back-reflections into the laser.
The laser beam is focused by a 500 mm focal length lens
to a beam diameter of 240 µm at the center of the probed
rubidium vapor cell. The Rayleigh range thereby corre-
sponds to the length of the cell of l = 50 mm. The laser
is swept with a tuning range of -7 to +13 GHz relative to
the D2 F = 2→ F ′ = 3 transition of 87Rb at around 780
nm while the absorption of the atomic system is mea-
sured simultaneously. The spectral position of the laser
is monitored with a Fabry-Pe´rot interferometer. A small
magnetic field is applied transverse to the direction of
light propagation by means of a Helmholtz coil with the
light polarization exactly perpendicular to the magnetic
field axis. In this work, two different rubidium vapor
cells are investigated: cell A with enhanced 87Rb con-
centration and cell B with natural abundance. Cell A
also contains helium buffer gas at a pressure of 1 mbar.
Natural rubidium comprises the different isotopes 85Rb
(72.15%) and 87Rb (27.85%). The cells are heated to
around 350 K.
The measured quantity in noise spectroscopy is the
spectral noise power density, i.e., the amplitude variance
per frequency. Subtraction of two acquired noise power
spectra from each other remove the spectral noise back-
ground which itself results from strong white photon shot
noise and residual electrical noise. Figure 2 depicts an
typical spin noise spectrum that is acquired with cell A
for the case of strong optical detuning. The spin noise
peak at 12.8 MHz corresponds to the Larmor frequency
for an applied magnetic field of 1.8 mT (gF = 1/2). The
negative peak close to zero frequency results from the
subtraction of a noise power spectrum with no magnetic
field applied, i.e., a spectrum where the spin noise sig-
nal is centered around zero frequency. The spin noise
signal centered at zero frequency shows twice the ampli-
tude compared to the modulated spin noise signal since
the spin noise power which would theoretically appear
in the second quadrant is folded into the detection win-
dow, i.e., for both cases the integrated spin noise power
4is the same. In the case of strongly broadened spin noise
spectra (cell B), the available magnetic field range is not
affected by overlapping spectra. Instead, reference spec-
tra are acquired by switching the polarization state of
the probe light via a liquid crystal retarder (LCR). This
method is described in detail in Ref. [15, 27]. The ex-
tracted FWHM of the spin noise peak in Fig. 2 amounts
to νFWHM = 515 kHz, the corresponding spin dephasing
time of τs = 620 ns results from the finite interaction
time between the rubidium spins and the probe laser due
to the spatial motion of the atoms while the intrinsic
spin dephasing time of rubidium is of the order of 100
ms [28]. Please note that the helium buffer gas of 1 mbar
(cell A) reduces the efficiency of this time-of-flight broad-
ening only slightly and in cell B a corresponding FWHM
of around νFWHM = 640 kHz is measured. Nevertheless,
saturation broadening in cell A is very efficient due to the
helium buffer gas [29] and the dominating mechanism for
broadening of the D2 transitions changes from inhomoge-
neous Doppler broadening at low probe laser intensities
to the homogeneous saturation broadening at high probe
laser intensities.
Spin noise in cell A. Next, we study the spin noise
in cell A in dependence on the laser detuning and the
probe laser intensity. Figures 3 (a) and (b) depict the
detected spin noise power density in color coding as a
function of the laser detuning (abscissa) and the noise
frequency (ordinate) at probe laser intensities of Il = 1.8
and 14.1 W/cm2, respectively. The black line depicts the
corresponding absorption spectra. The intensity plots
show the difference noise spectra between applied ex-
ternal magnetic fields of ≈ 0 and 1.8 mT, respectively,
i.e., different Larmor frequencies centered at ≈ 0 and
12.8 MHz. The overall absorption spectrum at low probe
intensities of the F = 2 → F ′ = 1, 2, 3 transitions show
a FWHM on the order of 2 GHz where the Doppler
broadening contributes by an inhomogeneous line width
of 560 MHz (calculated value). The spin noise power den-
sity resulting from the F = 2 → F ′ = 1, 2, 3 transitions
around 0 GHz detuning shows a pronounced asymmet-
ric dependency for positive and negative detuning. The
asymmetry of the spin noise power spectrum decreases
with increasing laser intensity [compare Fig. 3 (a) and
(b)] since the F = 2→ F ′ = 1, 2, 3 transitions are simul-
taneously excited at high intensities due to the stronger
homogeneous saturation broadening. We will show in
Section III that N-type coherences are responsible for
the asymmetric behavior and the spectral shift between
absorption maximum and spin noise minimum.
Spin noise in cell B. Figure 4 (a) and (b) depict ab-
sorption and spin noise spectra for cell B acquired with a
probe laser intensity of Il = 7.83 W/cm
2. The absorption
spectra are dominantly broadened by saturation broad-
ening. The spin noise spectra exhibit an additional noise
signal due to the different Lande´ factor of the ground
state of 85Rb (gF = 1/3) compared to
87Rb. Most strik-
ingly, the excited 52P3/2-
87Rb states also contribute to
the observed spin noise at high probe intensities and
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FIG. 4. (Color online) (a) Calculated and measured absorp-
tion spectra for cell B (natural rubidium). (b) Measured
spin noise spectra of cell B with a probe laser intensity of
Il = 7.8 W/cm
2 for different laser frequencies. At low de-
tuning, spin noise of the excited 52P3/2 states (gF = 2/3)
becomes significant. (c) Spin noise spectra calculated by the
extended Bloch model corresponding to the experimental data
shown in (b).
low detuning from the optical resonances. This is in-
dicated at the corresponding Lande´-g-factor of gF = 2/3
in Fig. 4 (b). The excited state gF -factors of
85Rb are
−1, 1/9, 7/18 and 1/2 for F ′ = 1, 2, 3, 4 and hence the
excited state spin noise of 85Rb is spread over a huge
frequency interval and thus does not interfere with the
measured excited state noise of 87Rb.
5III. THEORY
Bloch equations. The detected spin noise results from
a circular birefringence due to the fluctuating occupation
of the degenerate mF spin states [30]. The equilibrium
occupation probability of each S- and P -type hyperfine
level F is needed to determine the fluctuation strength
and the transition probability of each transition involved
and henceforth to calculate the circular birefringence. All
necessary quantities are obtained by solving the optical
Bloch equations. The optical Bloch equations represent
the equation of motion for the density matrix ρ of the
investigated atomic system in the presence of a light field
[31, 32]. In the following, the index i (j) denotes the
ground (excited) states. The ground states for the case
of 85Rb (87Rb) are 52S1/2 F = 2, 3 (F = 1, 2); the excited
states are 52P3/2 F
′ = 1, 2, 3, 4 (F ′ = 0, 1, 2, 3). In the
rotating wave approximation, the Bloch equations for the
ground state occupancies ρii read [33]:
ρ˙ii =
∑
j
γij · ρjj + 2
∑
j
Ωij · Im{ρij}
+γdiff
∑
i′
εii′ · ρi′i′ gi∑
i gi
. (1)
Here, γij = 2pi ν
2
ije
2(mc3ε0)
−1fij/(f1j + f2j)fJJ ′ is the
spontaneous transition rate where fJJ ′ = 0.6958 denotes
the fine structure oscillator strength, the term fij yields
the branching ratio of the hyperfine transition with
fij =
(
1/2 5/4 5/4 0
0 1/4 5/4 7/2
)
,
and νij is the resonance frequency of the corresponding
optical transition. The resonant Rabi frequency for lin-
ear polarized light with intensity Il = c0E
2
0/2 and light
frequency ωij reads
Ωij =
µij · E0
2~
=
1
2
√
e2
m ~ωij
I
c ε0
fij
gi
fJJ ′ .
Here, E0 is the electric field amplitude of the probe laser
light and µij the transition dipole moment. Relaxation
towards the thermal equilibrium by diffusion of atoms in
and out of the excitation area is accounted by the diffu-
sion rate γdiff = pi · νFWHM, which is extracted from the
off-resonant noise spectra and amounts to pi · 515 kHz for
cell A and pi · 640 kHz for cell B. The occupation proba-
bility of the valence electron in the corresponding ground
state scales with the degeneracy gi = 2i+1 and εii′ is the
two dimensional permutation tensor. The excited state
occupancies are given by
ρ˙jj = −
∑
i
[γijρjj + 2 Ωij · Im{ρij}] . (2)
The coherences between ground and excited states are
given by the off-diagonal elements of the density matrix
and have to be included to correctly model the experi-
mental findings, such as the asymmetric shape of the spin
noise spectrum versus detuning:
ρ˙ij =
(
−1
2
(γij + γB)− i∆ij
)
· ρij + i · Ωij · (ρjj − ρii)
+i
∑
j′,i−j′=±1
Ωij′ · ρjj′ + i
∑
i′,i′−j=±1
Ωi′j · ρii′ . (3)
Here the additional relaxation rate γB describes the
quenching of the excited states after collisions with buffer
gas atoms. For 1 mbar helium gas pressure (cell A), γB
is extrapolated to 2pi · 18 MHz from the data presented
in Ref [34]. The detuning is given by ∆ij = ωij − ω′
with ω′ = ωl(1 − u/c) for atoms with a velocity u, the
laser frequency ωl, and resonance frequencies ωij = 2pi νij
[35, 36].
Note that in Eqs. (3) the ground-ground coherences
(ρii′) and the excited state coherences (ρjj′) are included,
and hence the dynamics of these coherences must be care-
fully considered:
ρ˙ii′ = i
∑
j
[δj,i±1,0 ·∆ij − δj,i′±1,0 ·∆i′j ] · ρii′
+i
∑
j
[Ωij · ρi′j − Ωi′j · ρji], (4)
ρ˙jj′ =
{
−1
2
(∑
i
[γij + γij′ ]
)
− γB + i
∑
i
[δj,i±1,0 ·∆i±1,0 j − δj′,i±1,0 ·∆i±1,0 j′ ]
}
·ρjj′+i
∑
i
[Ωij ·ρij′−Ωij′ ·ρji], (5)
where δj,i±1,0 ensures the ∆F = 0,±1 selection rules.
The steady state of this system of differential equa-
tions is solved numerically in terms of ω′. The Doppler
broadening is included by convolution of the respec-
tive quantity of interest with the velocity distribution
f(u) = (
√
2piu¯)−1e−(u/u¯)
2/2 of atoms with the velocity u
and an average velocity u¯ =
√
kBT/m for a given tem-
perature T . Note that every density matrix element ρ is
a function of u.
Absorption spectrum. The absorption spectrum is
calculated from the system’s susceptibility χ(ω′) includ-
6ing all σ(at)- and pi(at)-type transitions:
χ(ω′) =
nA
ε0E0
√
~ e2
2m
∑
ij,∆mF=0,±1
√
fij
ωij
ρij(ω
′), (6)
with nA being the rubidium atom density. The Doppler
broadening is included by convolution of χ(ω′) with the
velocity distribution f(u). The absorption coefficient κ
is calculated by κ(ω′) = Im{√1 + χ(ω′)}.
Spin noise spectrum. Calculating the spin noise spec-
trum is not as straight forward as the absorption spec-
trum since each hyperfine split optical transition F → F ′
needs to be weighted with the mean square spin imbal-
ance 〈m2F 〉, i.e., the actual spin noise, and the spin noise
of the distinct hyperfine levels F appear at the corre-
sponding Larmor frequency νL = gFµBB/h in the noise
spectrum. Correspondingly, we model the complete spin
noise spectrum as a sum of Lorentz functions [37] for all
states. The ground state spin relaxation rates increase
at zero detuning due to optical pumping by:
Γi = 2
γdiff + 2
3
∑
j
γijρjj +
∑
i′ 6=i,j
γi′jρjj
 . (7)
The noise amplitude is given by:
Ui = αPl sin(dθi) · e−κ l kz . (8)
Here α = 20 V/W is the amplification factor of the bal-
anced receiver, Pl the laser power, and kz the wave vec-
tor. The Faraday noise angle is calculated by [38]:
dθ2i =
(
kzl
∆ni
2
)2
(9)
=
(
kzl µij
ε0E03
)2(√
N
V
)2
Re{ρij}2ρii.
The sum of Lorentz functions is finally convoluted with
the velocity distribution to include Doppler broadening
and is valid for uncorrelated atoms [39]. In Eq. (9)
µij/3 is the dipole matrix element for each σ
± transi-
tion which is calculated separately for every hyperfine
transition. The corresponding expressions for the ex-
cited states are obtained by interchanging i and j in
Eqs. (7,8,9). The excited state spin relaxation rates are
calculated by Γj = 2(γdiff +
2
3
∑
i(γij + ρjjγij)). Fur-
ther a factor of two is included in the calculation of the
noise power of the excited states to account for stimu-
lated emission.
Results and comparison with experimental data. Cal-
culated absorption and spin noise spectra are depicted
in Figs. 3 (c,d) and 4 (a,c). The calculated absorp-
tion spectra reproduce qualitatively, and to a large ex-
tent quantitatively, all different broadening mechanisms.
The saturation broadened absorption spectra show a non-
negligible deviation in the width of the corresponding
transitions between theory and experiment. This discrep-
ancy results from the probe laser beam waist that varies
in the experiment over the cell length with a factor of√
2. However, this inaccuracy in the calculations is neg-
ligible since the spin noise at the focus point is weighted
stronger than the spin noise at the cell endings. Indeed,
the calculated and measured spin noise spectra for cell A
(pure 87Rb, Fig. 3) are in excellent agreement. Please
note that there is no free parameter in the calculations
to adjust the absolute noise power values. Especially, the
asymmetric behavior around the F = 2 → F ′ = 1, 2, 3
transition is remarkably well reproduced for the two dif-
ferent noise spectra. This asymmetry decreases in the
calculations as well as in the experiment for higher probe
light intensities due to additional homogeneous broaden-
ing. The ratio between laser intensity and spin noise sig-
nal stays constant due to the larger homogeneous broad-
ening and increasing spin relaxation rates for stronger
laser light fields.
In the case of cell B (Rb with natural abundance), the
spin noise arising from the excited 52P3/2-
87Rb states is
qualitatively also well reproduced [Fig. 4 (b,c)]. The ex-
cited state noise corresponds to noise frequencies around
15 MHz denoted by gF = 2/3. We note, however, one sig-
nificant discrepancy between the experimental and the-
oretical results in what concerns the strength of the ex-
cited state spin noise. The enhanced excited state spin
noise measured at detunings close to the optical reso-
nance and high probe laser intensities is not recovered
by the single-particle Bloch analysis. This discrepancy
indicates a signature of a collective effect such as nonlin-
ear self-rotation [21] and polarization selective absorption
of the probe light while traversing the rubidium gas cell.
These many-body effects are beyond the scope of the sin-
gle particle model discussed in this paper and only appear
at significant occupation of the excited state.
IV. CONCLUSION
We have performed spin noise spectroscopy on a classi-
cal rubidium gas under resonant and non-resonant prob-
ing conditions. The experimental results are modeled
by extended Bloch equations, which inherently include
the populations and coherences between all participating
states. Our careful analysis shows that the coherences
between ground and excited states, and also ground-
ground and excited-excited coherences, play a crucial
role in spin noise spectroscopy at resonant and quasi-
resonant probing conditions. This is contrary to the case
of off-resonant probing where coherences play no signif-
icant role. We identify a characteristic asymmetric spin
noise signal with respect to detuning which arises due the
coherent coupling of the atomic levels under nearly res-
onant probing conditions. The theoretical results are in
very good qualitative, and to a large extent quantitative,
agreement with our experimental findings. However, a
significant deviation is observed for the specific case of
7excited state spin noise for nearly resonant probing con-
ditions. Interestingly, this discrepancy may indicate the
appearance of collective effects, which are not covered by
single-particle extended Bloch equations. We expect that
these and similar effects also plays an important role in
spin noise experiments with self-assembled semiconduc-
tor quantum dots or donor atoms.
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